The paleoclimatic record for the last 20 k.y. has been examined within a detailed radiocarbon age framework for Hole 893A, Santa Barbara Basin, California, using benthic and planktonic foraminiferal oxygen isotopes and assemblage changes in planktonic foraminifers. The last deglaciation is recorded as two steps (Terminations IA and IB) separated by a warm pause, correlative with the B0lling/Aller0d Interstadial (15.2 to 13 ka), followed by Younger Dryas cooling (13 to 11.1 ka). This, in turn, was followed by the warmth of the Holocene. Changes in the planktonic foraminiferal assemblage suggest that average sea-surface temperatures in the basin increased from ~7°C during the last glacial maximum to ~15°C during the late Holocene, an estimated change larger than shown in earlier work.
INTRODUCTION
Ocean Drilling Program Hole 893A contains a 196.5-m-thick late Quaternary (~ 160 ka to present day) sedimentary sequence from Santa Barbara Basin, Southern California. Paleoenvironmental history is interpreted using changes in oxygen isotopes, planktonic foraminiferal assemblages, and physical characteristics of sediments. Site 893 is located at 34° 17.25'N, 120°02.2'W, in Santa Barbara Basin, 20 km south of the Santa Barbara coastline at a water depth of 576.5 m ( Fig. 1 A; Kennett, Baldauf, et al., 1994) . Site 893 is the first continuously cored sequence of latest Quaternary age (older than Holocene) from the Southern California Borderland Province. The province is made up of a number of semi-enclosed tectonic basins marked by limited deepwater exchange with the Pacific Ocean. This partial isolation contributes to a severe reduction in oxygen concentrations in 1 Kennett, J.P., Baldauf, J.G., and Lyle, M. (Eds.), 1995. Proc. OOP, Sci. Results, 146 (Pt. bottom waters of Santa Barbara Basin from -500 m to 600 m (the maximum depth of the basin), leading to the accumulation of organic carbon and anoxic muds (Emery, 1960) . Sediments have also accumulated rapidly (-160 cm/1000 years) with minimal biological disturbance. Benthic and planktonic foraminifers occur in sufficient abundance to provide an important opportunity for high-resolution late Quaternary paleoclimatic/paleoceanographic investigations. Sediments cored at Site 893 offer one of the few sites in the world ocean with such high potential for high-resolution studies. It is possible to resolve decadal paleoclimatic changes and even interannual to annual climatic change in those parts of the sequence where annual laminae are preserved.
In this contribution we present and discuss the isotopic and faunal record of paleoclimatic change in Santa Barbara Basin during the last deglaciation from the glacial maximum (20 ka) to the Holocene interglacial within the context of global climatic and oceanographic changes. Santa Barbara Basin is especially valuable for such an investigation because of its location close to the continental margin of the northeast Pacific where upwelling of intermediate waters occurs. The margins of the modern north and northeast Pacific are marked by intense upwelling of intermediate waters, some proportion of which appears to have originated as North Atlantic Deep Water (NADW) at high latitudes of the North Atlantic and flowed within the so-called oceanic conveyor to the North Pacific (Broecker and Denton, 1989) . Oxygen concentrations decrease during both transit and aging of waters within the conveyor because of biological metabolism and oxidation of organic matter (Broecker and Peng, 1982) . Modern intermediate waters advecting upward near the coast of California contain low concentrations of oxygen. Oxygen is further re-duced by upward advection through the oxygen minimum zone at upper bathyal depths. This oxygen-poor water flows over the sill into Santa Barbara Basin (Fig. 2) . The small supplies of oxygen entering the basin are further depleted through the oxidation of abundant organic material derived from highly productive surface waters. In the modern basin, these processes collectively result in the presence of suboxic (<O.l mL/L oxygen) bottom waters deeper than -475 m. Reduction in deep water oxygen concentrations is so severe that Santa Barbara Basin is the only basin in the California Borderland Province that exhibits persistent annual varves through most of the Holocene. Prior to our study, the only high-resolution North Pacific record examined near the end of deep water flow within the conveyor is that of Keigwin and Jones (1990) , who examined a drilled sediment sequence in Guaymas Basin, Gulf of California. Such records are critical for comparison with the paleoceanographic changes in the North Atlantic, near the beginning of conveyor flow.
Sediments drilled at Hole 893A consist of a sequence of laminated to nonlaminated intervals. Laminations were deposited during times marked by an absence of burrowing organisms when bottom waters contained low oxygen concentrations, whereas fully homogenized (massive or nonlaminated) intervals were deposited during more highly oxygenated conditions in the basin. The sediment sequence of Hole 893A exhibits two broadly similar sedimentary sequences that consist in each case of a lower, intermittently laminated interval passing upward, with decreasing abundance of laminations, into a relatively thin homogeneous (massive) interval. This homogeneous interval is then succeeded abruptly by a thin interval of relatively continuous, well-laminated sediment (Kennett, Baldauf, et al., 1994) . The sequence at Hole 893A represents one complete and two partial cycles reflecting progressive dominance of oxygenated basin waters, culminating in a period of sustained basin oxygenation. Preliminary studies suggest that these sediment cycles, expressed by the changing strength of laminations, correspond closely with glacial/interglacial oscillations (Kennett, Baldauf, et al., 1994) . A number of hypotheses have been presented to account for the changing basinal oxygenation concentrations (Kennett, Baldauf, et al., 1994) . The most popular of these suggests that changes in oxygen concentrations of intermediate waters from the Pacific advecting into Santa Barbara Basin during the late Quaternary were the primary control of the oxygenation-dysaerobia cycles recorded in the basinal sediments. Under this hypothesis, laminated intervals in the basin were deposited when low-oxygen intermediate waters flowed into the basin. Massive intervals, in contrast, were deposited when intermediate waters with higher oxygen concentrations flowed into the basin. A primary goal of this study was to develop detailed stratigraphic relationships between climatic change and the degree of oxygenation of Santa Barbara Basin for the last 20 k.y., in an attempt to test hypotheses that explain the ventilation changes in Santa Barbara Basin.
OCEANOGRAPHIC SETTING
The Santa Barbara Basin is ideally located to amplify global climate changes that occurred during the Quaternary. The dominant hydrographic features of Santa Barbara Basin are the southwardflowing California Current and related countercurrents (Hickey, 1992) . The character and distribution of the cold California Current and nearshore warmer countercurrent (Davidson Current) are determined by ocean-atmosphere interactions over broad areas of the Pacific Ocean (Douglas, 1981) . A dominant feature of modern surface circulation in Santa Barbara Basin is a semipermanent cyclonic gyre that incorporates water from both the northwest and southeast. In present-day Santa Barbara Basin, there are no important effects upon surface water salinity by fresh water runoff from the nearby land masses (Fig. 1 ). Rivers have relatively little effect on the surface ocean environment in this semiarid region. Interpretations based on the late Quaternary pollen record in Hole 893A suggest that there was little difference in precipitation during glacial times compared with the present day (Heusser, this volume) .
Seasonal variations in the California Current system are primarily controlled by changes in wind strength and direction. Northerly winds are generally strongest between April and August (spring and summer), causing strong flow of the cold California Current towards the south, and weak cyclonic flow into Santa Barbara Basin. Conversely, from December to February, when the northerly winds weaken, the Davidson Current is stronger and a net poleward surface transport occurs along the coast (Pisias, 1978) . Seasonal changes in the strength and direction of the winds influence the intensity of upwelling near Point Conception and, in turn, affect the biological productivity in Santa Barbara Basin. Strong upwelling episodes occur from late spring to early summer. Individual upwelling episodes, lasting up to three weeks, vary according to the strength of the northerly winds (Bakun, 1975; McGowan, 1984; Eppley, 1986; Atkinson et al., 1986) . The upwelled water is cold, oxygen-poor, and nutrient-rich in comparison with surface waters. The upwelling of cold waters during summer and the increased northward flow of the relatively warm Davidson Current in winter reduces the annual temperature range in surface waters, although this is still high at 12°C (Pisias, 1979) . Periods of intensification of the Davidson Current are related to El Nino Southern Oscillation (ENSO) events that affect the entire eastern Pacific and typically occur at intervals of ~5 to 7 yr (Enfield and Allen, 1980; Douglas, 1981) . In the region of Santa Barbara Basin, these warm events coincide with episodes of decreased plankton productivity and reduced southerly flow of the California Current (Lange et al., 1987) . The warmer events are often associated with anomalously high rainfall in Southern California (Namias, 1969) .
Significantly, different boundary conditions existed in Santa Barbara Basin during the last glacial maximum. As a result of a drop in sea level of 121 m (Fairbanks, 1989) , the channel was transformed into a narrow, sheltered body of water with more restricted circulation with the open Pacific Ocean (Fig. IB) . Strong restriction of the Anacapa Channel to the east of the basin would have reduced flow of any warm countercurrent (similar to the modern Davidson Current) into the Santa Barbara Basin from the south. At the same time, previous work has shown a strengthening of the influence of the California Current occurred in the California Borderland Province and associated major cooling of surface waters (Bandy,1968) . By -12 ka during the Younger Dryas cool interval, sea level had risen to -60 m below present (Fairbanks, 1989) with associated widening of the Santa Barbara Channel region.
PREVIOUS PALEOCLIMATIC STUDIES
The latest Quaternary (20 k.y. to present day) paleoclimatic record of the northeast Pacific region has been examined by a number of earlier investigators (for example, Moore, 1973; Lyle et al., 1992; Sancetta et al., 1992; Heusser and Shackleton, 1979; Gardner et al., 1988; Mathewes et al., 1993) although the stratigraphic resolution of their data was lower than that presented here. We have examined, at high stratigraphic resolution, the latest Quaternary from the last glacial maximum to the present day (last 20 k.y.) in Santa Barbara Basin, northeast Pacific. Previous Quaternary paleoclimatic studies of Santa Barbara Basin were limited to the Holocene (-9 ka). Of these Holocene studies, only two focused on paleoclimatic records on time scales of 1000 years or greater. Pisias (1978; documented a paleoclimatic-paleoceanographic record of radiolarian-based sea-surface temperatures for the past 8000 years. This study suggested a history of significant paleoclimatic/paleoceanographic changes during the Holocene. Heusser (1978) documented Holocene terrestrial climate changes based on pollen and spores in a core from Santa Barbara Basin. This work indicates that the climate in the area from 8000 to 5400 ka was dominantly warm subtropical and humid. Warm sea-surface temperatures, increased rainfall, and reduced southerly flow of the California Current indicated by these studies suggest a prolonged period of ENSO-like conditions. Since 5400 ka, the area has undergone major paleoclimatic fluctuations including a strengthening of the California Current system (Pisias, 1978) .
A number of other investigations of Santa Barbara Basin sediment cores have dealt with the paleoclimatic history at high-resolution within the last three hundred years (Soutar and Crill, 1977; Weinheimer et al., 1986; Schimmelmann and Tegner, 1991) . Dunbar (1983) produced a high-resolution planktonic foraminiferal (Globigerina bulloides) oxygen isotopic record for the last 230 years from a box core. This record closely correlates with the historical record of sea-surface temperature in the region since 1870. The amplitude of the oxygen isotopic signal is large (1.5%c) and partly reflects the large temporal and seasonal variability of sea-surface temperatures caused by upwelling and ENSO events. However, Dunbar (1983) noted that the isotopic range is greater than expected from historical temperature records, being amplified by seasonal and/or annual differential production of G. bulloides.
Earlier work of most significance to our study is that of Keigwin and Jones (1990) , who described the stable isotope stratigraphy in a sediment core exhibiting laminated and nonlaminated intervals during the last 20 k.y. from Guaymas Basin, Gulf of California. The sequence is especially important because associations between laminated sediment intervals and climate change suggests historical relationships between changing oxygenation of Gulf of California bottom waters and Quaternary climate change.
CHRONOLOGY
An age model for the upper -32 m of Hole 893A has been developed using 27 accelerator mass spectrometry radiocarbon ages of mixed planktonic foraminiferal samples from 15 stratigraphic levels ( Fig. 3 ; Table 1 ). The samples were analyzed at the Center for Accelerator Mass Spectrometry (CAMS), at the Lawrence Livermore National Laboratory. Two of these samples represent duplicate analyses from the same sample. Two different age calibration methods were used to convert the radiocarbon ages to calendar ages. One was the marine calibration curve based on tree-ring dendrochronology and modeling of atmospheric I4 C changes in the ocean (Stuiver and Brazunias, 1993) , which applies to samples with radiocarbon ages between 0 and 10,500 years. The second method used to calibrate the radiocarbon ages was developed by Bard et al. (1990a Bard et al. ( , 1990b Bard et al. ( , 1993 , based on I4 C and 23() Th age determinations in corals. (The 23() Th ages represent actual calendar ages of samples). Two different equations employed by Bard et al. (1990a Bard et al. ( , 1990b Bard et al. ( , 1993 Bard et al. ( , and pers. comm., 1994 yielded essentially identical corrected ages as discussed by Ingram and Kennett (this volume). The value used for the reservoir age in Santa Barbara Basin is 825 years (see Ingram and Kennett, this volume, for discussion). Assignments of sediment thickness in the core were corrected for all gaps (voids) resulting from sediment displacement due to gas expansion (Rack and Merrill, this volume). All data have been plotted in calendar years. The samples range in age from 1690 to 21,950 years, forming a coherent set of ages spaced at intervals of less than -2000 years. A larger data set that includes ages based on benthic foraminiferal samples and sediments older than 22 k.y. are presented and discussed in detail by Ingram and Kennett (this volume).
The chronological spacing of samples during the last 20 k.y. for benthic foraminiferal oxygen isotopic data is -450 years, for planktonic foraminiferal isotopic data -330 years and for planktonic foraminiferal assemblage data -500 years. Each sample analyzed represents an interval spanning -20 to 30 years.
MATERIALS AND METHODS
A total of 70 samples of 10 cm 3 were taken for stable isotopic and foraminiferal investigations from the upper 32 m of Hole 893A, which represents the last 20 k.y. of sedimentation. The samples were taken at -50 cm intervals in the upper 25 m representing the last 16.6 k.y. and at -100 cm for the remaining interval down to -32 m. These samples were processed for oxygen and carbon isotopic analyses of benthic and planktonic foraminifers and for census investigations of planktonic foraminiferal assemblages. The raw samples were oven dried at 50°C, disaggregated using warm water, washed over a 63-µm sieve, and oven dried at 50°C. For quantitative planktonic foraminiferal studies, over 300 specimens (minimum of -250) were counted in each sample (>l 50-µm fraction) and relative percentages were calculated.
The methods used to obtain oxygen and carbon isotopic values for benthic foraminifers have already been described in detail by Kennett (this volume) . For isotopic analysis of planktonic foraminifers, 20 to 30 specimens per sample were picked for each of two species: Neogloboquadrina pachyderma (sinistral and dextral coiling) and Globigerina bulloides. The specimens for isotopic analysis were cleaned ultrasonically in reagent-grade methanol, dried, and roasted under vacuum at 375°C for one hour to remove organic contaminants. The samples were treated with orthophosphoric acid at 90°C, using an online automated carbonate CO 2 preparation device. The evolved CO 2 was analyzed with a Finnegan/MAT 251 light stable isotope mass spectrometer. Instrumental precision is 0.09%o or better for both 6 I8 O and δ' 3 C. All isotopic data are expressed using standard δ notation in per mil relative to Pee Dee Belemnite (PDB) carbonate standard. Isotopic analyses were related to PDB through repeated analyses of NBS-20 with values following Craig (1957) of: δ l8 θ = -4.14% 0 and δ' 3 C = -1.06% 0 .
RESULTS

Paleoclimatic Patterns
Quantitative planktonic foraminiferal data for Hole 893A, including that representing the last 20 k.y., are provided in Kennett and Venz (this volume) . Benthic oxygen isotopic data are provided in Kennett (this volume). Oxygen isotopic data from planktonic foraminifers for the last 20 k.y. are presented in Table 2 . Carbon isotopic data from benthic foraminifers are not discussed in this contribution because they appear to be solely a record of microenvironmental differences in the surface sediments in which the benthic foraminifers lived. Patterns of oxygen isotopic change during the last 20 k.y. in benthic and planktonic foraminiferal distributions are plotted against depth and age in Figures 4-6. Quantitative changes in planktonic foraminifers are plotted against depth and age in Figures 7-10. These records are compared with an ultra-high-resolution record of inferred bottom water oxygenation from Behl (this volume). The sediments in Hole 893A were classified by Behl (this volume) into a number of categories that grade at one extreme from well-laminated intervals, to indistinctly laminated, to trace laminations, to completely massive at the other extreme (Figs. 4, 5, 7, and 9). These changes were, in turn, correlated to changes in degree of oxygenation and sediment facies of Santa Barbara Basin. In each case, the patterns of change clearly reflect details of the transition between the last glacial maximum and Holocene warmth. These changes are described within our chronological framework below. Although the trends exhibited by the different paleoclimatic proxies are very similar, small differences exist in the timing of some of the changes.
Glacial Maximum: The glacial maximum, based on relatively high δ 18 θ values, occurs between 20 and 16.8 ka, with the highest . 9 ). Termination IA: The earliest post-glacial warming trend usually referred to as Termination IA occurred between -16.5 and 15 ka. This warming trend is reflected in Hole 893A by a \%c decrease of benthic foraminiferal δ 18 θ, a 1.75%o decrease in δ 18 θ of TV. pachyderma, and a 2.6%o decrease in δ 18 θ of G. bulloides (Fig. 5 ). Major changes occurred in planktonic foraminiferal assemblages as reflected by a change in dominance from sinistral (-60%) to dextral (-20% to 70%) forms of N. pachyderma, and in the switch from dominantly sinistral (-90%) to dextral (>98%) coiling of this species (Fig. 9 ). Inferred warming of surface waters is very rapid (between ~ 16.5 and 16 ka) during Termination IA as indicated by changes in the planktonic foraminiferal assemblages and the δ 18 θ decrease in G. bulloides. This warming is shown to be less rapid by the δ 18 θ decrease in N. pachyderma and rather gradual decease in δ' 8 O of benthic foraminifers. Slight diachronism occurred in the warming trend exhibited by the various parameters marking Termination IA. The mid-point of the warming marking Termination IA, as expressed by the planktonic foraminiferal assemblage changes (16.5 ka; Fig. 9 ) and the δ 18 θ decrease in G. bulloides (16.4 ka; Fig. 6 ), is earlier than the mid-point of warming shown by the δ 18 θ decreases inN. pachyderma (15.7 ka) and in benthic foraminifers (15.5 ka; Fig. 5 ).
B0lling/Aller0d: Between the warming that marks Termination IA and the Younger Dryas cool interval that follows is an interval of relatively little change in most paleoclimatic parameters (Figs. 5, 6, and 9 ). This represents a pause in the warming trend during deglaciation as recorded in Hole 893A. The age of the beginning of this interval differs depending on the parameter measured. A stabilization of planktonic foraminiferal assemblage changes (except for the relative abundance of dextral N. pachyderma, which exhibits high variability during this interval) begins at 16.3 ka ( Fig. 9 ). This compares with stabilization of the negative δ 18 θ trend in G. bulloides at 16.5, in N. pachyderma at 15.2 ka, and in benthic foraminifers at 15.0 ka (Figs. 5 and 6). Likewise, the end of this interval of relative climatic stability ranges between 13.3 and 12.9 ka. The maximum duration of the interval is therefore 3.6 k.y., extending between 16.5 and 12.9 ka. This interval correlates temporally with the B0lling/Aller0d Interstadial. Short-term climate instability during the B0lling/Aller0d reported in sediment cores from the Norwegian Sea (Karpuz and Jansen, 1992) was not observed in our study.
Younger Dryas Cool Episode: Following the B0lling/Aller0d Interstadial, a distinct cooling trend is recorded by a 0.5%c increase in δ 18 θ in benthic foraminifers and a 0.8‰ increase in δ 18 θ in N. pachyderma (Figs. 5 and 6). Cooler planktonic foraminiferal assemblages during this interval are marked by an 12% decrease in dextral-coiled N. pachyderma, a 10% increase in sinistral-coiled N. pachyderma, and a reduction in dextral coiling in N. pachyderma from 100% to 80% (Fig. 9 ). The beginning of the cooling trend in Hole 893 A occurs at -13 ka (range between 12.9 and 13.2 ka), while the end occurs at -11.2 ka. This interval correlates with the Younger Dryas cool episode of northern Europe and in marine sequences elsewhere.
A high-resolution chronology for the Younger Dryas cooling event in Hole 893A, established with radiocarbon dating of six planktonic foraminiferal samples, indicates an age from between 11,980 to 10,630 14 C years. To compare these radiocarbon ages with other radiocarbon ages determined for the Younger Dryas, the reservoir age of 825 years must be subtracted from the radiocarbon age. The "reservoir-corrected 14 C age" for the beginning and end of the Younger Dryas in the Santa Barbara Basin is thus 11,155 to 9,805 years BP. The "reservoir-corrected" I4 C age for the beginning of the Younger Dryas in Santa Barbara Basin (11,155 yr) is similar to that obtained by Denton and Hendy (1994) for wood samples in glacial deposits from New Zealand, which is 11,050 14 C years BP. It also similar to the reservoir-corrected I4 C dates from the North Atlantic Ocean (11,200 to 11,010 14 C yr BP) from cores SU81-18 (Duplessy, 1989) and Troll 3.1 (Lehman and Keigwin, 1992) .
Corrected age (or calendar-year age) for the beginning of the Younger Dryas cooling event in Santa Barbara Basin is 12,971 ka. The corrected age for the end of the Younger Dryas in Santa Barbara Basin is poorly constrained, because it occurs during a 1300-yr radiocarbon plateau, and falls between 10,900 and 12,300 yr BP (Ingram and Kennett, this volume). This plateau has been defined by Bard et al. (1993) , Edwards et al. (1993) , and Gray et al. (1993) . We have used an interpolated age of 11,200 yr BP for the end of the Younger Dryas.
The ages for the Younger Dryas in Santa Barbara Basin agree well with those based on counting annual layers in Greenland ice cores, which indicate the Younger Dryas occurred between 12,940 ± 260 yr BP and 11,640 ± 250 yr BP (Alley et al., 1993a; Alley et al., 1993b; Johnson et al., 1992) . The duration of the Younger Dryas in Santa Barbara Basin is between 670 and 2070 yr (we show 1,730 yr), not inconsistent with the 1300-yr duration counted in ice core layers.
Based on I4 C dating of marine and lacustrine sediments in the North Atlantic region, the Younger Dryas cooling event began between 11,200 and 11,000 years BP and ended between 10,200 and 10,000 I4 C years BP (Karpuz and Jansen, 1992; Edwards et al., 1993) . In calendar years, this translates into a maximum range of 13.1 to 11.3 ka, similar to the age of the Younger Dryas in Santa Barbara Basin. In the early Holocene following 11 ka, further warming is shown by decreased oxygen isotopic values (beginning at ~l 1.2 ka, following the end of the Younger Dryas cooling; Figs. 5 and 6). At this time, 6
I8 O values of benthic foraminifers exhibit a rather steady decrease of about 0.9%o until they reach a minimum at ~5 ka. In a series of oscillations, δ l8 0 values of N. pachyderma also decrease an additional 1 A%c to values close to 0%e at ~6 ka while δ l8 0 values of G. bulloides decrease from 11 to 10 ka, after which values oscillate by ~0.75%c during the Holocene. These decreases in δ l8 θ values mark Termination IB. Planktonic foraminiferal assemblages also reflect higher seasurface temperatures after 11 ka with the consistent occurrence for the remainder of the Holocene of distinctly warmer species including Globigerinoides ruber, Neogloboquadrina dutertrei, Globorotalia inflata, and Orbulina universa (Fig. 10) . Following the Younger Dryas, the relative warmth of planktonic foraminiferal assemblages is indicated also by a dominance of dextral N. pachyderma (generally >50%), very low frequencies of sinistral TV. pachyderma, and high ratios of dextral to sinistral N. pachyderma (mainly >90% dextral).
In the late Holocene, following 6 ka, variations in δ l8 θ values of benthic foraminifers are less than 0.25‰, while variations in δ 18 θ values of planktonic foraminifers (both N. pachyderma and G. bulloides) are less than ~0.75‰ (Figs. 5 and 6 ). More detailed work is required on oxygen isotopic oscillations during the last 11 k.y. to determine if they reflect climatic changes of regional or global significance. Nevertheless, both the planktonic foraminiferal assemblages and oxygen isotopic data of N. pachyderma are internally consistent in indicating a distinct cooling of surface waters during an interval centered at 5 ka (Figs. 5, 6, and 9). However, there is no increase in δ'
x O values of G. bulloides at this time.
During much of the last 20 k.y., a distinct gradient has existed in the δ l8 0 values between N. pachyderma, which is inferred to live in the thermocline, and G. bulloides, which lives near the ocean surface (Fig. 6 ). This gradient was small (up to ~0.4%o) during the last glacial maximum. Termination IA is associated with a significant increase in this gradient (up to ~l.5‰). By 15.2 ka, at the beginning of the B0lling/Aller0d, the gradient decreased and varied from 0.5%c to 0.8%o until the Younger Dryas. G. bulloides is relatively rare to absent during much of the Younger Dryas interval. After 11 ka, several episodes showing a distinct gradient (0.3%o-0.8%o) between these two species are separated at -2000 year intervals with events marked by little to no gradient. These occurred at 9.3 ka, 7.3 ka, 5.3 ka, and 3.2 ka (Fig. 6) . The most recent interval is not periodic having occurred at ~ 1.7 ka.
STRATIGRAPHIC RELATIONS BETWEEN SEDIMENT LAMINATIONS AND CLIMATE CHANGE
The sediments of Hole 893A exhibit considerable variation between well-laminated to completely massive (nonlaminated). The general pattern of change in lamination strength for the last 20 k.y. is shown in Figures 4, 5, 7 , and 9. The sequence is divided into four zones marked by a dominant sediment facies: massive sediments from 20.0 to 15.2 ka; laminated sediments from 15.2 to 12.9 ka; massive sediments from 12.9 to 11.0 ka; and laminated sediments from 11.0 ka to the present day. The laminated zones include sediments that exhibit strong to trace laminations or even thin intervals with no laminations. The massive zones contain minor intervals with very weak trace laminations.
A strong correlation exists between the stratigraphic distribution of massive and laminated intervals and climatic history during the last 20 k.y. in Hole 893A (Fig. 5 and 6) . Sediments deposited during the last glacial maximum and Termination 1A are massive, followed upwards by laminated sediments of the B0lling/Aller0d Interstadial, in turn followed upward by massive sediments deposited during the Younger Dryas cool interval, and thence upward into laminated sediments associated with Holocene warmth.
The upward change from massive to laminated sediments at 15.2 ka coincides precisely with the end of the negative shift in δ' 8 O values of N. pachyderma where values are -\%c and close to the end of the negative shift in δ 18 θ values of benthic foraminifers at 15 ka (Fig.  5 ). This sedimentary facies boundary thus coincides closely with the end of Termination IA and the beginning of the B0lling-Aller0d as represented by changes in these parameters. The change from massive to laminated sediments is ~ 1.1 k.y. younger than the end of Termination IA warming (marked by changes in planktonic foraminiferal assemblages and by decreased δ 18 θ values of G. bulloides).
Close correspondence also occurs between the boundary that marks the change from laminated to massive sediments at 12.9 ka and the beginning of cooling at 13.0 ka (range 13.2 to 12.9 ka) as represented by oxygen isotopic changes in planktonic and benthic foraminifera, and assemblage changes in planktonic foraminifers (Figs. 5 and 9). This is considered to represent the beginning of the Younger Dryas cool episode. Likewise, the boundary at 11.0 ka that marks the upward change from massive to laminated sediments closely corresponds with the end of cooling at 11.2 ka exhibited by the isotopic and faunal changes marking the end of the Younger Dryas (Figs. 5 and 9). The beginning and end of the cooling trend that represents the Younger Dryas coincides with δ l8 0 values of N. pachyderma of about -l.O‰.
The Holocene sequence younger than 11.0 ka at Hole 893A is overwhelmingly dominated by laminated sediments, containing no extensive massive intervals. Oxygen isotopic values of foraminifers associated with the sediments of Holocene age are lower than those of the cooler intervals during the Younger Dryas, Termination IA, and the last glacial maximum. Planktonic foraminiferal assemblages at all levels exhibit characteristics indicative of greater warmth than the assemblages associated with the Younger Dryas. Furthermore, although frequencies of sinistral and dextral N. pachyderma in Holocene assemblages younger than 11 ka and those of the B0lling/ Aller0d Interstadial are similar, the appearance in persistent abundance at 11.0 ka of additional warm water taxa (Fig. 10) heralds a further increase in surface water temperatures relative to the B0lling/ Aller0d and is therefore consistent with the oxygen isotopic data. 
DISCUSSION
Climate Change
Climatic evolution during the last 20 ka in Hole 893A is described at high-resolution and within a detailed Accelerator Mass Spectrometry (AMS) I4 C age framework, by oxygen isotopic changes in benthic and planktonic foraminifers (Figs. 5 and 6 ). The last glacial maximum (centered at 18 ka in Hole 893A) is followed by deglaciation beginning at -16.5 ka. Deglaciation proceeded in two steps correlated with Termination IA and IB. The terminations are separated by a warming pause between -15.5 and 13.3 ka, correlative with the B0lling/Aller0d Interstadial, and a subsequent cool interval between 13.0 and 11.2, ka correlative with the Younger Dryas. Termination IB represents further warming between -11 and 9 ka. This sequence of climatic changes is also recorded by assemblage changes in planktonic foraminifers ( Fig. 9 and 10) . The magnitude of surface water temperature changes in Hole 893A during the last 20 k.y. has been estimated by Kennett and Venz (this volume) by comparison with modern distribution patterns in planktonic foraminifers in the northeast Pacific. The Subarctic Assemblage, dominated by sinistral N. pachyderma, is associated with the last glacial maximum. This assemblage is replaced during Termination IA by the Transitional As-semblage marked by higher diversity and dominated by dextral N. pachyderma characteristic of the Holocene. Average sea-surface temperatures in Santa Barbara Basin are considered to have increased from ~7°-8°C during the glacial maximum to ~15°C during the Holocene warmth, or a total average increase of 7°-8°C (Kennett and Venz, this volume) . Deglacial warming in Santa Barbara Basin was significantly greater than values determined for the California Current further to the north (41° to 43° N; Moore, 1973) . Warming of surface waters of Santa Barbara Basin during deglaciation was associated with an increase in the temperature gradient between the ocean surface and the thermocline was inferred from increased oxygen isotopic differences between N. pachyderma and G. bulloides (Fig. 6 ). This gradient was highest during the early stages of deglaciation until l 1 ka after which it exhibits considerable variation.
Estimates have been made about the magnitude of the cooling during the Younger Dryas. In the northernmost Atlantic region and northwest Europe, Younger Dryas cooling represents a return of climate to a near-glacial state (Broecker and Denton, 1989, and references therein) . In Hole 893A, Younger Dryas cooling does not reflect a return to a full glacial state. In Santa Barbara Basin, the cooling of surface waters during the Younger Dryas was limited to a few degrees. Oxygen isotopic values of planktonic foraminifers increased at this time by 0.8%e (Figs. 5 and 6) , representing a decrease of surface water temperatures of ~3°C. At this time, climate in Santa Barbara Basin returned to that recorded at the mid-point of Termination IA; equal to the mid-point of return to a full glacial episode (Fig. 5) . Modest changes in the planktonic foraminiferal assemblages during the Younger Dryas also reflect limited surface water cooling. The continued presence of the Transitional Assemblage during this interval indicates that average surface water temperatures in Santa Barbara Basin remained higher than 1O°C (Kennett and Venz, this volume). Nevertheless, assemblages of intermediate composition suggest that the 1O°C surface water isotherm must have been near the basin at this time. Although the effects of Younger Dryas cooling were much less drastic in Southern California than in the North Atlantic, they nevertheless represent a significant reversal to cooler conditions. The distinct warming trend that immediately followed the Younger Dryas from II ka to ~9 ka represents Termination IB (Figs. 5 and  6) . This is the second rapid warming step leading to Holocene warmth. Average sea-surface temperatures appear to have changed little in Santa Barbara Basin after 9,000 years ago (although large seasonal variations almost certainly occurred), other than during a slight but distinct cooling centered at 5.0 ka. Oxygen isotopic variations in planktonic foraminifers (G. bulloides and N. pachyderma) of no more than 0.8%o (Figs. 5 and 6) suggest that average sea-surface temperatures varied by no more than ~3°C during this time, an interpretation supported by associated relatively small changes in planktonic foraminiferal assemblages ( Figs. 9 and 10) . These changes are much smaller than earlier estimates of 12°C (February) during the Holocene (last 8000 yr) in Santa Barbara Basin based on variations in radiolarian assemblages in (Pisias, 1978 (Pisias, , 1979 . This suggested total paleotemperature amplitude is similar to the present-day seasonal sea-surface temperature range (11°C) in Santa Barbara Basin. Thus the extent of suggested Holocene paleotemperature variation differs significantly between these two investigations. This earlier estimate of the range of Holocene sea-surface temperature changes is even larger than the average 7°-8°C estimated difference in sea-surface temperatures we suggest occurred between full glacial maximum and Holocene warmth.
Relations between Climatic and Basinal Ventilation Changes
In this study, we show that a close association has existed between major climate change and switches between dominantly laminated 5 and 9 ). It is now well established that the laminated sediment intervals in Hole 893A were deposited during times of low dissolved oxygen levels of basinal waters when active benthic assemblages were absent (Kennett, Baldauf, et al., 1994; Behl, this volume) . Presentday basinal waters are suboxic (<O. 1 mL/L oxygen) below -475 m. In contrast, massive sediments reflect times of higher oxygen concentrations when an active benthos was supported. This relationship between oxygen content and sedimentary facies is shown by presentday lateral changes in Santa Barbara Basin (Savrda et al., 1984) . Therefore, the alternations between laminated and massive intervals in Hole 893A reflect changes in the ventilation of the basin. The sequence since 20 ka at Hole 893A therefore records a close association between significant climate change of global proportions and changes in the ventilation of Santa Barbara Basin. The basin was relatively well-ventilated during glacial intervals and poorly ventilated during interstadial and interglacial intervals. Thus, the interval from the last glacial maximum to the beginning of the B0lling/Al-ler0d Interstadial and the Younger Dryas event were relatively welloxygenated. In contrast, the basin was poorly ventilated during the B0lling/Aller0d Interstadial and the Holocene after 11 ka. Similar close relations between climatic history and changes from laminated to nonlaminated sediments in the latest Quaternary also occur in Deep Sea Drilling Project Site 480 in the Guaymas Basin, Gulf of California at a depth of 655 m (Keigwin and Jones, 1990) . Nonlaminated sediments are associated with cooler climatic conditions of the last glacial and the Younger Dryas, and laminated sediments are associated with the warming associated with the B0lling/Aller0d and the Holocene interval following the Younger Dryas.
Reasons for the changes in oxygen concentrations in Santa Barbara Basin during the latest Quaternary have been discussed by Kennett, Baldauf, et al. (1994) . Three processes were described that may have contributed to increased oxygenation of bottom waters in the basin: (1) lowering of the impinging oxygen minimum zone below sill depth during glacioeustatic fall in sea level; (2) shifting of high surface productivity offshore of Santa Barbara Basin during lowered sea level or altered wind regimes; and (3) increased oxygen content of intermediate waters advecting upwards into Santa Barbara Basin from the west. The changing interplay of all three processes simultaneously was suggested to have caused the changes in oxygen levels in the basin. However, we suggest that these various processes were not of equal importance. For instance, it is unlikely that increased oxygenation of basin waters could directly have been the result of a fall in sea level, because the Younger Dryas cooling was associated with a pause in the sea-level rise, rather than a fall during the deglacial interval (Fairbanks, 1989) . Furthermore, similar relations between laminated sediment intervals and climate change are recorded in the Guaymas Basin, Gulf of California (Keigwin and Jones, 1990) , which is not partially isolated (silled) and could not have been affected by changes in sea level. Also, Behl (this volume) finds greater than twelve major episodes of oxygen depletion during oxygen isotope Stage 3 which cannot be correlated with periods of high sea level.
Similarly, the stratigraphic record does not support the hypothesis that increased ventilation in the basin was caused mainly by the seaward shift in the zone of high surface water productivity. This is because the basin was no more isolated from the zone of coastal upwelling during the Younger Dryas than during the preceding B0lling/Aller0d Interstadial.
We therefore suggest that the changes in oxygen concentrations in intermediate waters from the Pacific were largely responsible for controlling the late Quaternary cycles of oxygenation/dysaerobia in Santa Barbara Basin (Fig. 11 ), in agreement with the explanation by Keigwin and Jones (1990) for similar cycles in Guaymas Basin, Gulf of California. If this interpretation is correct, sediments in Santa Barbara Basin have recorded changes in the oxygen levels of intermedi-ate waters advecting upwards near the coast of California during the latest Quaternary.
The sharpness of the transitions between the massive and welllaminated intervals suggests that the inferred switches in circulation occurred within decades. This observation is consistent with evidence from the Greenland Ice Sheet of very rapid climatic changes at the boundary between the glacial maximum and B0lling/Aller0d, and at the end of the Younger Dryas (Alley et al., 1993a; Alley et al., 1993b) . Threshold levels in the climate system have been implicated to account for such rapid change.
Role of Ocean Circulation Change in Ventilation History of Santa Barbara Basin
Our work demonstrates, therefore, that Santa Barbara Basin and the Gulf of California (Keigwin and Jones, 1990) The climatically associated ventilation changes in Santa Barbara Basin also appear to be nearly synchronous with major changes in North Atlantic Deep Water (NADW) associated with climatic change (Schnitker, 1979; Boyle and Keigwin, 1982; Curry and Lohmann, 1983; Duplessy et al., 1988) . Santa Barbara Basin was relatively well ventilated during the last glacial maximum and the Younger Dryas when NADW production was reduced (Boyle and Keigwin, 1987; Broecker et al., 1990; Birchfield and Broecker, 1990; Keigwin et al., 1991; Lehman and Keigwin, 1992) and/or when its southward flow through the Atlantic was at shallower depths (Rahmstorf, 1994; Boyle and Weaver, 1994; Boyle, in press) . Conversely, when the flux of NADW was high during the Holocene and B0lling/Aller0d warm intervals (Boyle and Keigwin, 1982) and/or when it flowed at greater depths (Rahmstorf, 1994; Boyle and Weaver, 1994) , the basin was poorly ventilated. The view that cooling during the last glacial maximum and the Younger Dryas resulted in decreased production of NADW (Boyle and Keigwin, 1987) was challenged by Fairbanks (1989) and Jansen and Veum (1990) , but later countered by Keigwin et al. (1991) .
Thermohaline processes associated with the conveyor supply large amounts of heat to the atmosphere over the North Atlantic region (Broecker et al., 1985) with resulting climatic warmth when conveyor circulation was more vigorous. It appears that the production of NADW is closely linked with changes in the stability of the water column due to salinity changes and interruption of North Atlantic heat flux (Rooth, 1982 (Rooth, , 1990 Broecker et al., 1988; Keigwin et al., 1991) . Deepwater formation in the northern Atlantic depends critically on the salinity of surface waters. Salinity of surface waters changes as a result of a number of mechanisms including changes in the flux rates of meltwater emanating from the Laurentide and Scandinavian ice sheets (Broecker, 1990) . Interaction among the various processes changed the strength of the conveyor. Oscillations in conveyor strength resulted from the effect of changing ocean heat flux on the melting rate of the nearby ice sheets Birchfield and Broecker, 1990) . Thus, intervals of increased production of NADW led to accelerated melting of the Fennoscandian ice sheet, which in turn tended to reduce vertical circulation and NADW production due to increased meltwater flux. The reduction in thermoha- line circulation led to cooling, which reduced melting of the ice sheets, in turn led to an increased surface water salinity which renewed the production of NADW (Broecker, 1990; Lehman and Keigwin, 1992) . The brief reduction in NADW production inferred during Younger Dryas cooling is explained within this framework (Broecker, 1990) . Rapid ice sheet melting during deglaciation before the Younger Dryas reduced salinity of the Atlantic and diversion of meltwaters from the Gulf of Mexico to the northern Atlantic (Kennett and Shackleton, 1975; Kennett, 1990; Flower and Kennett, 1990 ) triggered a shutdown of NADW production at the beginning of the Younger Dryas. The shutdown of NADW export and lowered meltwater flow to the northern Atlantic due to Younger Dryas cooling led to increased surface water salinity at high latitudes and renewed production of NADW at the end of the Younger Dryas (Broecker, 1990 ). It appears, therefore, that the changes associated with the Younger Dryas (and the glacial-interglacial transition) seem to be representative of a self-sustaining circulation loop that is part of the larger scale water mass exchange between the North Atlantic and the rest of the world oceans (Zahn, 1992) . Limited evidence from the deep-sea record outside of the North Atlantic suggests that during glaciations the pattern of flow was different in the Pacific and Indian Oceans as well as the Atlantic (Broecker and Denton, 1989 ) compared with the present day. Studies of carbon isotopic distribution in deep-sea cores suggests that during the last glaciation, waters at intermediate depths in the Indian Ocean and the Pacific were relatively low in nutrients. Nutrient-depleted waters are expected to be richer in dissolved oxygen (Boyle, 1988) . Two modes of oceanic circulation seem to have existed, with the Atlantic and Pacific becoming more similar in glacial time (Broecker et al., 1985) .
The stratigraphic records indicate that the switches between the modes were closely synchronized between the North Pacific and the North Atlantic. Thus, a fundamental question has emerged as to the mechanism(s) involved that caused near-synchronous paleoceanographic changes between the two oceans. We consider three main hypotheses.
The first hypothesis is that Santa Barbara and Guaymas Basin sequences may record oscillations in the strength of thermohaline circulation originating as NADW at high latitudes of the North Atlantic-the so-called oceanic conveyor circulation (Broecker and Denton, 1989; Broecker, 1990) . NADW flows southward at ~3 km in the Atlantic to be entrained in eastward-flowing Circumpolar Water. Much of the water entering the circumpolar system leaves as north-ward-flowing deep waters to the North Pacific, where some fraction advects upwards and returns via surface routes to the North Atlantic. The flow of water within the conveyor from the North Atlantic to North Pacific takes -1000 yr. At time of formation, NADW is nutrient-poor and oxygen-rich because of its origin at the ocean surface. During transit within the conveyor, the progressively aging waters become nutrient-rich and oxygen poor. Systematic decrease in Δ I4 C occurs along the path of deep waters derived from the North Atlantic (Broecker and Peng, 1982) . The greater age of basinal waters during the warmer intervals of the latest Quaternary, including the present day (Ingram and Kennett, this volume), may indicate the influence of the conveyor system on Pacific Intermediate Water. At the present time, the source of the oxygen-poor bottom waters in Santa Barbara and Guaymas Basins are derived from depths of the upper part of Pacific Intermediate Water. However, Pacific Intermediate Water is believed to be depleted in Δ 14 C due to a large component of NADW (Broecker and Peng, 1982) . Water entering Santa Barbara Basin over the sill has a radiocarbon age of 1200 to 1300 yr (Ostlund and Stuiver, 1980) compared with 825 yr for the surface mixed layer, which is a mix of California Current and upwelled Pacific Intermediate Water (Ingram and Kennett, this volume). Water as old as 1980 yr has been reported at depths of -3000 m in the North Pacific (Broecker and Peng, 1982) .
This hypothesis suggests that weakening of the oceanic conveyor during cooler intervals would result in the replacement of Santa Barbara basinal waters by intermediate waters produced within the Pacific Ocean. At these times younger, more oxygenated upper intermediate waters from more proximal sources would enter Santa Barbara and Guaymas basins. If this hypothesis is correct, the absence of any significant lag between the paleoceanographic changes in the North Atlantic and North Pacific implies that changes must be transmitted rapidly along the length of the conveyor. Since the conveyor flows through the circumantarctic current, potential relations between changes in the north Pacific and Atlantic are indirect. Therefore, the sedimentary changes we have described may be more a reflection of the changing strength of intermediate waters formed in the northwest Pacific. This region is considered to be the modern source for Pacific Intermediate Water (Reid, 1965 (Reid, , 1973 Talley, 1991 Talley, , 1993 .
The second hypothesis is that the inter-ocean paleoceanographic changes were linked directly via global climate change transmitted through the atmosphere rather than through changes in the strength of the oceanic conveyor. In this case, severe cooling during the last glacial maximum and the Younger Dryas episode, led to the production of intermediate waters at high latitudes in the Pacific Ocean. Of proximal origin, these were young, well-oxygenated waters. It is possible that intense cooling in the northwest Pacific may have led to the production of intermediate waters that influenced the northeast Pacific coast margin (Keigwin, 1987; Keigwin et al., 1992; Ohkouchi et al., 1994) . Limited evidence for such water during glacial episodes is summarized by Keigwin et al. (1992) . The absence of any significant lag between the paleoceanographic changes in the North Pacific and North Atlantic and their close association with climate change may favor this hypothesis, although it is unknown how rapidly changes in the flux of NADW may be transmitted along the oceanic conveyor. Although rapid propagation (<IOOO years) has been inferred from deep-sea cores of deglacial-caused isotopic signals from the North Atlantic to the North Pacific (Duplessy et al., 1991) , these are still slower than suggested in latest Quaternary record of Hole 893A.
A third, and more likely, hypothesis is that both factors in combination played a role in influencing the ventilation history of the basins. No matter which hypothesis is correct, the stratigraphic record strongly indicates that fundamental changes occurred in North Pacific paleoceanographic conditions during the latest Quaternary. These were closely synchronized with global climate change and with paleoceanographic events in the North Atlantic. Our work indicates the existence of tight coupling between changes in the atmosphereocean-cryosphere during the latest Quaternary. CONCLUSIONS 1. The paleoclimatic record since 20 ka has been examined at high resolution for Hole 893A, Santa Barbara Basin, using the oxygen isotopic history of benthic and planktonic foraminifers and quantitative changes in planktonic foraminiferal assemblages. A series of AMS I4 C dates provides a high-resolution chronology. 2. The record from Hole 893A is an accurate representation of latest Quaternary global climate change including the last 20 k.y. The last deglaciation is recorded as two main steps (Termination IA and IB) separated by a warm pause correlative with the B0lling/Aller0d Interstadial (15.2 to 13 ka), followed by Younger Dryas cooling (13 to 11.2 ka). 3. Changes in planktonic foraminiferal assemblages suggest that average sea-surface temperatures in Santa Barbara Basin increased from ~7°-8°C during the last glacial maximum tõ 15°C during the late Holocene, an increase of ~7°-8°C. Oxygen isotopic changes in planktonic foraminifers indicate seasurface temperature variations (from 20-30 yr averaged samples) of <3°C during the Holocene. 4. Hole 893A is represented by an alternation of intervals dominated by laminated and nonlaminated (massive) sediments. Laminated intervals were deposited at times of low dissolvedoxygen levels in the basin that precluded support of an active benthos. Massive intervals resulted from bioturbation associated with more oxygenated basinal waters. The sequence exhibits a strong correlation between major climate changes during the last 20 k.y. and the boundaries between dominantly laminated and massive intervals. 5. The basin was relatively well oxygenated during the glacial to near-glacial intervals represented by the last glacial maximum and the Younger Dryas cooling, and poorly oxygenated during warm intervals of the B0lling/Aller0d Interstadial and the Holocene during the last 11 k.y. These represent oscillations between two fundamentally different ocean states, one marked by waters with low oxygen content associated with warm intervals, and the other with relatively oxygenated waters associated with cold intervals. 6. Latest Quaternary oscillations in basinal sediment facies reflect changes in the source of intermediate waters, with greater proportion originating from a more proximal source during cooler intervals compared with a distal source during warmer intervals, including the present day. 7. The stratigraphic records examined here strongly indicate that, as in the North Atlantic, fundamental changes occurred in intermediate water circulation in the North Pacific during the latest Quaternary. These were closely synchronized with global climate change and with paleoceanographic events in the North Atlantic associated with the changing strength of NADW production and oceanic conveyor circulation. The absence of any significant lags between the ventilation history and climate changes indicates a tight coupling has existed between changes in the atmosphere-ocean-cryosphere during the latest Quaternary. 8. The climatically related major changes in oxygenation in Santa Barbara Basin took place in less than a few decades, implying the existence of threshold levels in the climate system.
Moore provided valuable advice and constructive criticism of the manuscript. The research of BLI was supported in part by an appointment to the Global Change Distinguished Postdoctoral Fellowships, sponsored by the U.S. Department of Energy, Office of Health and Environmental Research, and administered by the Oak Ridge Institute for Science and Education. We thank M. Kashgarian and J. Southon at CAMS for discussions and assistance in radiocarbon analyses. Thanks are also extended to Greg Blake and UNOCAL Corporation for financial support. The Ocean Drilling Program has continued to play a key role in fostering this research.
